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Abstract We have studied the optical properties and
carrier dynamics in SnO2 nanowires (NWs) with an aver-
age radius of 50 nm that were grown via the vapor–liquid
solid method. Transient differential absorption measure-
ments have been employed to investigate the ultrafast
relaxation dynamics of photogenerated carriers in the SnO2
NWs. Steady state transmission measurements revealed
that the band gap of these NWs is 3.77 eV and contains two
broad absorption bands. The ﬁrst is located below the band
edge (shallow traps) and the second near the center of the
band gap (deep traps). Both of these absorption bands seem
to play a crucial role in the relaxation of the photogener-
ated carriers. Time resolved measurements suggest that the
photogenerated carriers take a few picoseconds to move
into the shallow trap states whereas they take *70 ps to
move from the shallow to the deep trap states. Furthermore
the recombination process of electrons in these trap states
with holes in the valence band takes *2 ns. Auger
recombination appears to be important at the highest ﬂu-
ence used in this study (500 lJ/cm
2); however, it has
negligible effect for ﬂuences below 50 lJ/cm
2. The Auger
coefﬁcient for the SnO2 NWs was estimated to be
7.5 ± 2.5 9 10
-31 cm
6/s.
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Introduction
Tin oxide (SnO2) is considered an important wide-bandgap
n-type semiconductor which has received a great deal of
attention over the past few years due to its high transpar-
ency in the visible part of the spectrum and sensitivity to
certain gases which make it technologically important for
optoelectronic devices [1–6] and sensors [7]. In addition Sn
is readily available and cheaper compared to indium (In)
which is used for the growth of indium oxide (In2O3).
Furthermore, in recent years, the ﬁeld of semiconducting
metal oxides has beneﬁted a great deal from the develop-
ment of one-dimensional nanostructures such as nanowires
(NWs) and nanorods (NRs) due to their interesting prop-
erties arising from their small size [8, 9] and high surface-
to-volume ratio. In view of this, there has been growing
interest in the synthesis of SnO2 NWs, the study of their
fundamental electronic and optoelectronic properties, and
ﬁnally device applications [10–13].
Despite the potential applications of SnO2 NWs there
has been no detailed study of the fundamental, ultrafast
carrier relaxation mechanisms of the photogenerated car-
riers in this nanostructured material. Consequently, here we
investigate the carrier dynamics in SnO2 NWs and obtain a
detailed understanding of the various relaxation mecha-
nisms and the inﬂuence of trap states using transient white
light absorption spectroscopy [14–16] with femtosecond
resolution. We ﬁnd that the band gap of the SnO2 NWs is
3.77 eV and contains two broad absorption bands, the ﬁrst
of which is located below the band edge and is related to
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band gap due to deep trap states. Detailed transient mea-
surements revealed their energetic position, carrier relax-
ation times, and the importance of Auger recombination.
Experimental Procedure
The SnO2 NWs were grown using an atmospheric pressure
chemical vapour deposition (APCVD) reactor which con-
sists of four mass ﬂow controllers (MFC’s) and a horizontal
quartz tube furnace, capable of reaching a maximum tem-
perature of 1100 C. Initially, approximately 0.2 g of ﬁne
Sn powder (Aldrich, \150 lm, 99.5%) was weighed and
loaded into a quartz boat together with a square piece of
Si(111) which was coated with 0.5 nm of Au. The Au layer
was deposited via sputtering at a slow rate\5A ˚/s using an
Ar plasma under a pressure\10
-4 mBar. The sample was
positioned a few mm downstream from the Sn and subse-
quently the boat was loaded into the reactor and positioned
directly above the thermocouple used to measure the heater
temperature at the centre of tube. After loading the boat at
room temperature (RT), Ar (99.999%) was introduced at a
ﬂow rate of 500 standard cubic centimetres per minute
(sccm) for 5 min in order to purge the tube.
Following this the temperature was ramped to 800 Ci n
an Ar ﬂow of 100 sccm at a rate of 30 C/min. Upon
reaching TG, the ﬂow of Ar was maintained at 100 sccm for
a further 90 min after which the tube was allowed to cool
down over at least an hour in an inert gas ﬂow of Ar, 100
sccm. The sample was removed only when the temperature
was lower than 100 C. For the optical measurements,
NWs were grown directly onto square pieces of quartz that
were coated with 0.5 nm of Au and had an area of
&6 9 6m m
2. The morphology of the SnO2 NWs was
examined with a TESCAN scanning electron microscope
(SEM) while the crystal structure and the phase purity of
the NWs were investigated using a SHIMADZU, XRD-
6000, X-ray diffractometer, and Cu Ka source. A scan of
h–2h in the range between 20 and 80 was performed for
the SnO2 NWs that were grown on Si(111) and quartz.
In this study, we investigate the ultrafast dynamic
behavior of carriers in SnO2 NWs following femtosecond
pulse excitation through the temporal behavior of differ-
ential absorption [14–16]. The experimental study was
carried out using an ultrafast ampliﬁer system operating at
5 kHz. A self mode-locked Ti: Sapphire oscillator centered
at 796 nm and generating 45 fs pulses was the source of
short pulses. Approximately 1 mJ of ampliﬁed energy was
used to pump an Optical Parametric Ampliﬁer (OPA)
providing ultrafast pulses in the UV range of the spectrum.
The rest of the energy from the ampliﬁer was used to
generate 400 nm from a BBO crystal via second harmonic
generation and white light super continuum. The UV
femtosecond pulses from the OPA were used to excite the
nanowires given that the expected band gap of this material
is around 3.7 eV. A small part of the fundamental 796 nm
pulses were used to generate VIS-IR super continuum light
by focusing the beam on a 1 mm thick sapphire plate.
Similarly a super continuum light in the UV region of the
spectrum was also generated using 400 nm pulses. The
white light probe beam was used in a pump-probe non-
collinear geometry, with the pump beam been generated
from the OPA. To minimize the broadening of the laser
pulse, optical elements such as focusing mirrors were uti-
lized in the setup. The reﬂected and transmission probe
beams were separately directed onto their respective
detectors after passing through a band pass ﬁlter and thus
selecting the probe wavelength from the broad band white
light. The differential reﬂected and transmission signals
were measured using lock-in ampliﬁers with reference to
the optical chopper frequency of the pump beam. The
temporal variation in the photo-induced absorption was
extracted using the transient reﬂection and transmission
measurements, thus providing a means of monitoring the
carrier dynamics within the probing region [14].
Results and Discussion
Tin oxide NWs have been grown so far by a variety of
methods including thermal evaporation [17, 18], chemical
vapour deposition [19], and the VLS method using carbo-
thermal reduction of stannous oxide SnO at 880 C for
90 min [20]. On the other hand, stannic oxide, SnO2 NWs
have been grown by direct oxidation of Sn at 900 C under
a ﬂow of 10 sccm O2 [21]. Similarly, Yang et al. obtained
SnO2 NWs at 900 C under a ﬂow of 50 sccm O2 [22]
while Wan et al. [23] obtained Sb doped SnO2 NWs by
heating up the mixture at 20 C/min up to 900 C under a
ﬂow of 500 sccm Ar with a trace of O2. A typical scanning
electron microscope (SEM) image of the SnO2 NWs grown
on quartz is shown in Fig. 1 where it is apparent that a
large coverage has been obtained. The SnO2 NWs have an
average diameter of 50 nm and lengths C5 lms. Further-
more the diameter of the SnO2 NWs was found to be
uniform along their length. The growth of the SnO2 NWs
occurs via the formation of Au nanoparticles (NPs) from
the thin layer of Au and the VLS mechanism. No NWs
were obtained on Si(111) or quartz alone. In addition we
have found that direct oxidation using a ﬂow of O2 during
growth hinders the formation of SnO2 NWs due to the
oxidation of the Sn upstream, which melts at 232 C and
which in turn reduces the vapour pressure, especially at low
temperatures i.e., T B 800 C. While we obtained SnO2
NWs at temperatures as low as 700 C we ﬁnd that the
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age is 800 C. The optimum growth conditions are there-
fore close to those described by Wan et al. [23] who use
only a trace of oxygen under a larger ﬂow of Ar i.e.,
500 sccm as opposed to 100 sccm used here. In our case
the formation of SnO2 NWs is due to the oxygen admitted
into the APCVD reactor at RT prior to the temperature
ramp. The SnO2 NWs grown at the optimum temperature
i.e., TG = 800 C on quartz are characterized by the (1 1 0),
(1 0 1), (2 1 1), (2 2 0), (3 1 0), and (3 0 1) peaks in the
X-ray diffraction spectrum shown in Fig. 2. Diffraction
peaks can be indexed to the tetragonal rutile structure of
SnO2 [22, 24]. We should point out that the Al peaks
appearing in the XRD spectrum of Fig. 2 are due to the
sample holder.
Following the growth of SnO2 NWs, we performed
steady state transmission measurements on the NWs grown
on quartz. Figure 3 shows the optical absorption of the
SnO2 NWs covering a spectral range from the UV near to
the IR. Given that SnO2 is a direct gap semiconductor, a plot
of the square of the absorption versus the incident photon
energy provides a measure of the bandgap which was
determined to be approximately 3.77 eV (see inset of
Fig. 3). Here we should point out that there appears to be a
broad absorption band around 4.2 eV which we believe to
be due to lower lying valance bands [25]. In addition to
Fig. 1 SEM images of SnO2 NWs grown at 800 C with an average
diameter of 50 nm
Fig. 3 Steady state transmission measurements carried out on SnO2
NWs using a UV-IR spectrometer. The upper corner inset shows a
plot of the square of the absorption versus incident photon energy,
providing us with an estimate of the bandgap energy 3.77 eV. There
are two broad absorption bands below the bandgap referred to as
D.T.S—deep trap states and S.T.S.—shallow trap states
Fig. 2 XRD spectrum of the SnO2 NWs grown at 800 C on 0.5 nm
Au/quartz
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depicts several features within the energy gap of these NWs.
There appears to be a broad absorption band below the band
edge covering a range from 3.7 eV to 1.8 eV which may be
divided into two regions [26, 27]. The ﬁrst broad absorption
band which starts just below the conduction-band edge of
the NWs is associated with impurity traps and these are
therefore commonly referred to as shallow trap states
(S.T.S.). The second band is referred to as the deep trap
states (D.T.S.) band generated by defects or/and surface
imperfections. Both of these absorption bands seem to play
a crucial role in the relaxation of photoexcited carriers on a
femtosecond timescale. Furthermore, there appears to be a
weak absorption band centred around 2.2 eV (see Fig. 3)
which corresponds to the well known Surface Plasmon
Resonance (SP.R.) of Au nanoparticles that are required as
catalysts for the formation of the SnO2 NWs on quartz.
Figure 4 shows typical time resolved differential
absorption measurements for the SnO2 NWs excited at
ﬂuence of approximately 0.5 mJ/cm
2 with UV ultrafast
pulses at 4.00 eV (310 nm) and probed at different photon
probing energies ranging from UV to near IR. The x-axis on
this graph corresponds to the optical delay between the
pump and the probe pulse whereas the y-axis indicates the
induced absorption. The behaviour appears to be complex
and varies over the probing spectral range. For some of the
probing wavelengths there is a sharp drop in the absorption
reaching a minimum value and then followed by a slower
recovery toward equilibrium that takes hundreds of pico-
seconds, whereas in other cases there is a positive change in
the absorption with again a recovery towards equilibrium.
These observed changes in absorption are associated
with excitation of the SnO2 NWs by photons whose energy
is larger than the bandgap energy which results in the
generation of non-equilibrium carriers. These non-equilib-
rium carriers will distribute themselves along energy states
that are normally unoccupied under equilibrium conditions.
The occupation of states (referred to as state ﬁlling) fol-
lowing an ultrafast laser pulse will appear as a reduction in
the absorption at the probing energy states. Clearly the
observed recovery of this negative absorption change will
be a direct measure of the time required by the photogen-
erated carriers to move out of the occupied states. Fur-
thermore, a positive change in the induced absorption is also
observed in the transient absorption measurements. This
phenomenon is mainly due to secondary excitation of the
photo-generated carriers by the probing photons from their
initial states to higher energy states. This ‘‘free-carrier
absorption’’ depends on the number of carriers present at the
initial states and the coupling coefﬁcient between the two
energy bands. The temporal proﬁle of this positive induced
absorption is again a direct measure of the presence of the
photo-generated carrier at the probing energy states.
We will begin the analysis of the data from the degen-
erate induced absorption measurements where the excita-
tion and probing photon energies were 4.00 eV. It is
important to point out that the observed sharp drop
reaching a minimum (state ﬁlling) is pulse width limited,
which is expected since we are probing the same energy
states that we are exciting. To obtain a better understanding
of the dynamics for the degenerate pump-probe data, we
have performed intensity measurements as seen in Fig. 5.
Thenormalizedinducedabsorptionmeasurementsseenin
Fig. 5 clearly indicate that with increasing ﬂuence there is a
faster recovery on the long time scale. This suggests that
Fig. 5 Time-resolved normalized differential absorption intensity
measurements of SnO2 NWs excited with 4.0 eV and probe at 4.0 eV.
The different curves correspond to different incident absorption
ﬂuence of the NWs. The inset shows the ﬁts (solid lines) to the actual
differential absorption data (points) using a simple model which
includes multi-exponential decays and Auger recombination
Fig. 4 Time-resolved differential absorption of SnO2 nanowires
excited with 4.00 eV photons (310 nm) at ﬂuence of 500 lJ/cm
2
and probe at different photon energies ranging from UV to near IR
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used in this study. With decreasing ﬂuence, Auger recom-
bination becomes less important, and for the NWs used in
this study at ﬂuence less than 50 lJ/cm
2, this contribution
maybeconsiderednegligible.Asimplemulti-exponentialﬁt
to the experimental result at 50 lJ/cm
2 shows that a mini-
mum requirement of three exponential function is necessary
for a good ﬁt to the data. The time constants obtained from
this ﬁt were 2.4 ps (18%), 68 ps (22%), and 2.3 ns (60%). A
more detailed analysis of the experimental data was per-
formed using a simple differential equation model which
incorporatedtheabove threeexponentialdecay mechanisms
along with Auger recombination. Making use of the time
constants obtained for the lowest ﬂuence utilized in these
experiments, where Auger recombination was negligible, it
was possible to obtain ﬁts to the differential absorption data
athigherﬂuences.Relativegoodﬁtstotheexperimentaldata
(seeinsetFig. 5)wereobtainedusinganAugercoefﬁcientof
7.5 ± 2.5 9 10
-31 cm
6/s.
A schematic diagram of the various proposed relaxation
paths is shown in Fig. 6, to help the reader obtain a clear
picture of the dynamics. The ﬁrst time constant (2.4 ps)
listed above, corresponds to mechanism 1, (see Fig. 6)
whereas the second time constant is associated with mech-
anism 2 or 3 through carrier saturation in the shallow trap
states. Given that no direct recombination was observed
from the conduction to the valence band which is corrobo-
ratedbytheabsenceofphotoluminescencenear3.75 eV,we
believe that the long time constant is associated with the
carriers moving through the shallow and deep trap states.
Saturation of these states from the large number of carriers
will result in the decay of paths 4 and/or 5 being effectively
seen when probing above the band gap.
We should also point out that the fast decay component,
which is associated with mechanism 1 of the photo-gen-
erated carriers when they are moving into the shallow traps
states, appears to become slower with increasing ﬂuence
(Fig. 5). This is most likely due to saturation of available
shallow trap states. Furthermore, in the above proposed
model, the holes generated near the C point will also relax
to the top of the valence band. However, the expected
relaxation within the valence band is much faster than the
multi-picosecond relaxation mechanisms shown in Fig. 6.
This is expected given the small excess kinetic energy
received by the holes during excitation.
Considering next the time-resolved absorption measure-
ments (Fig. 4) for probing photon energies below the band
gapenergy(shallowtraps)from3.54 eV(350 nm)to3.3 eV
(380 nm), we notice that although the maximum state ﬁlling
occurs very close to t = 0 (within the pulse width), there
appears to be a small drop and then a small rise after a few
picoseconds. This behavior is due to a small free-carrier
contribution which reducesthe state ﬁlling contribution thus
artiﬁcially making this feature (‘‘dip’’) appear near the tip of
themaximumsignal.Thisisclearlyobviouswhenlookingat
the differential absorption in Fig. 4 with decreasing probing
photon energy. The free-carrier ‘‘dip’’ increases with
increasing probing wavelength and eventually becomes the
main contributing factor at the longer probing wavelengths.
Furthermore, intensity measurements carried out over a
range of 500–50 lJ/cm
2 at the probing photon energy of
3.54 eV (350 nm) indicate that Auger recombination has a
noticeable effect only at the maximum ﬂuence, however, at
ﬂuence as low as *50 lJ/cm
2, this effect becomes negli-
gible. A multi-exponential ﬁt to the data shows a minimum
requirement of two exponential function for a good ﬁt with
time constants of 72 ps (27%) and 2.08 ns (73%). Most
likely the fast time constant is associated with carriers
moving into the deep traps (path 3 in Fig. 6) whereas the
long decay is associated with recombination of the carriers
(path 5 in Fig. 6). Here we should point out that differential
absorption intensity measurements have also been carried
at other probing photon energies within the top shallow
trap states with similar results.
Considering the differential absorption measurements in
Fig. 4 for the longer probing wavelengths, we notice an
increase in free-carrier contribution. This contribution
becomes dominant for probing photon energies below
1.65 eV (750 nm), where no trap states can be reached
from the valence band thus excluding state ﬁlling. The
initial fast recovery component which is of the order of a
< 3.75 eV
E ~3.77 eV g
Γ
C.B.
V.B.
Excitation
4.00 eV
Shallow trap
states
Deep trap
states
1
2
4
5
3
< 2.8 eV
Fig. 6 A schematic diagram of the energy band gap diagram of SnO2
NWs with the various relaxation mechanisms following carrier
photoexcitation by an ultrafast pulse
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to free-carrier contributions within the trap states.
Finally we should point out that due to the presence of
Au nanoparticles (NPs) which are required as a catalysts in
the formation of the SnO2 NWs, transient absorption mea-
surements in the probing region 2.4–2.1 eV depict the well
known surface plasmon resonance of Au [28–30]. Time
resolved measurements outside the above probing spectral
region show no evidence of differential absorption signal
from Au. Furthermore, measurements with excitation pho-
tons having energy below the band gap of SnO2 show signal
only at the probing region of the surface plasmon resonance.
Identical results were obtained when transient absorption
measurements were carried out on just the quartz substrate
coated with the 0.5 nm ﬁlm of the Au catalyst. It appears
that the Au NPs required for the formation of the NWs have
no effect on probing the carrier dynamics in SnO2 NWs
despite the strong plasmon resonance.
In conclusion, we have investigated the ultrafast
dynamic behavior of SnO2 nanowires using above band
gap excitation UV femtosecond pulses. Transmission
measurements of the NWs provided us with an estimate of
the band gap at 3.75 eV and reveal broad absorption bands
below the band edge. These absorption bands appear to
play an important role in the relaxation of the photogen-
erated carriers in the NWs. Transient differential absorp-
tion measurements reveal the different pathways and time
constants associated with the relaxation of the photogen-
erated carriers. Measurements suggest that the photogen-
erated carriers take a few picoseconds to move into the
shallow traps states whereas it takes *70 ps to move from
the shallow to the deep trap states. Furthermore, recombi-
nation of electrons from these traps states with holes in the
valence band takes *2 ns. Auger recombination has a
contribution to the carrier dynamics at the highest ﬂuence
used in this study (*500 lJ/cm
2), however at ﬂuence of
50 lJ/cm
2 Auger recombination appears to be negligible.
Transient absorption intensity measurements provided us
with an estimate of the Auger coefﬁcient for the SnO2 NWs
to be approximately 7.5 ± 2.5 9 10
-31 cm
6/s.
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